Odorant-binding proteins (OBPs) are lipocalins secreted in the nasal mucus of vertebrates, which convey odorants to their neuronal receptors. We compared the binding properties of a recombinant rat OBP (OBP-1F) using a set of six odorants of various chemical structures. We examined the binding properties by both fluorescent probe competition and isothermal titration calorimetry. OBP-1F affinity constants, in the micromolar range, varied by more than one order of magnitude and were roughly correlated to the odorant size. The observed binding stoichiometry was found to be around one odorant per dimer. Using tyrosine differential spectroscopy, the binding of ligand was shown to induce local conformational changes. A threedimensional structure of OBP-1F, modelled using the known structure of aphrodisin as template, allowed us to suggest the location of the observed structural changes outside of the binding pocket. These results are consistent with one binding site located in one of the two β-barrels of the OBP-1F dimer and a subtle conformational change correlated with binding of an odorant molecule, which hampers uptake of a second odorant by the other hydrophobic pocket.
Introduction
In order to reach their membrane receptors embedded in the membrane of olfactory neurons, airborne odorants, which are commonly hydrophobic molecules, have to be conveyed through the aqueous nasal mucus. The odorant-binding proteins (OBPs), which are abundant low-mol. wt soluble proteins (∼20 kDa) secreted by the olfactory epithelium in the nasal mucus of vertebrates, are candidates for playing such a carrier role (Steinbrecht, 1998) . These proteins reversibly bind odorants with dissociation constants in the micromolar range. Although their functions are still unclear, OBPs are also suspected to participate in the deactivation of odorants (Pelosi, 1996; Lazar et al., 2002) .
Vertebrate OBPs belong to the lipocalin superfamily (Flower et al., 2000; Tegoni et al., 2000) . Although members of this family display low sequence similarity (usually <20% amino acid identity), all share a conserved folding pattern, an eight-stranded β-barrel flanked by an α-helix at the Cterminal end of the polypeptide chain. The β-barrel defines a central apolar cavity, called the calyx, whose role would be to bind and transport hydrophobic odorant molecules (Bianchet et al., 1996; Tegoni et al., 1996; Spinelli et al., 1998) . Several OBPs have been shown to be present as dimers, but others seem to exist as monomeric species (Pelosi, 1994) . Nevertheless, in some cases, such as porcine OBP-1, the oligomeric state remains questionable because controversial results, provided by different methods, have been reported (Spinelli et al., 1998; Burova et al., 1999) .
OBPs have been identified in a variety of species, including cow, pig, rabbit, mouse, rat and, recently, elephant and human (Pevsner et al., 1985 (Pevsner et al., , 1988 Dal Monte et al., 1991; Pes et al., 1992; Pes and Pelosi, 1995; Briand et al., 2000b Briand et al., , 2002 Lazar et al., 2002) . Since the discovery of the first vertebrate OBP isolated from the bovine nasal mucus (Pelosi et al., 1982; Bignetti et al., 1985) , different OBP subtypes have been reported to occur simultaneously in the same animal species. Three have been described in pig (Dal Monte et al., 1991; Scaloni et al., 2001) , four in mouse (Miyawaki et al., 1994; Pes et al., 1998; Utsumi et al., 1999) , three in rat (Pevsner et al., 1988; Dear et al., 1991a Dear et al., , 1991b Ohno et al., 1996; Briand et al., 2000b; Löbel et al., 2001) , three in rabbit and at least eight in porcupine (Felicioli et al., 1993; Ganni et al., 1997) .
Rat OBP binding properties have been investigated by spectroscopic approaches using fluorescent probe competitive assays and by isothermal titration calorimetry, demonstrating that the three OBPs are specially tuned towards distinct chemical classes of odorants. Rat OBP-1 preferentially binds heterocyclic compounds such as pyrazine derivatives (Löbel et al., 1998; Briand et al., 2000b) . OBP-2 appears to be more specific for long-chain aliphatic aldehydes and carboxylic acids (Löbel et al., 1998) , whereas OBP-3 was described to interact strongly with odorants composed of saturated or unsaturated ring structure (Löbel et al., 2001 ).
Here we examined the binding properties of the rat variant OBP-1F, originating from the Fisher rat strain, for several odorants comparing both fluorescent probe competition and isothermal titration calorimetry. In addition to IBMP, a model odorant systematically used in OBP studies, the tested odorants were chosen among molecules largely used in the food industry, exhibiting different odors and persistence and belonging to different chemical classes. We also investigated the conformational changes of the protein upon ligand binding and their possible implications on the binding stoichiometry of the dimeric protein.
Materials and methods

Protein purification
Recombinant rat OBP-1F was produced using the yeast Pichia pastoris according to Briand et al. (2000b) , but purified by reversed phase liquid chromatography (RPLC) performed using an Aquapore C8 column (Prep -10, 1.0 i.d. × 3.0 cm; Perkin Elmer, France). After filtration aimed to remove insoluble components from P. pastoris supernatant containing recombinant protein, the solution was dialysed for 4 days at 4°C, using a dialysis tube with 12 000 Da cut off (Servapor, Polylabo, France) and lyophilized. The lyophilized supernatant was resuspended in eluent A (25 mM ammonium acetate, pH 7.0, 5% V/V acetonitrile in H 2 O) and the column was equilibrated with the same eluent. After sample loading, the column was extensively washed with eluent A. Elution was run using a linear gradient to 30% eluent B (25 mM ammonium acetate, pH 7.0, 60% V/V acetonitrile in H 2 O) in the first 10 min with a 10 min hold gradient. OBP-1F elution was then achieved using a linear gradient to 70% eluent B in 40 min. The flow rate was 2 ml/ min and the absorbance was recorded at 275 nm. The fractions containing OBP-1F eluted around 35% CH 3 CN were pooled, dialysed extensively against MilliQ H 2 O and lyophilized. Several batches of protein were produced and randomly used for repeated experiments.
Extraction of endogenous OBP-1F ligand
Approximately 750 µg of lyophilized OBP-1F were dissolved in 50 µl of 25 mM ammonium acetate buffer, pH 8.0. OBP-1F was then extracted using 50 µl of CHCl 3 with vigorous vortexing at room temperature. After centrifugation at 10 000 × g for 30 min at 4°C, the CHCl 3 extract was analysed by gas chromatography (GC) using a GC 8000 Series 8180 Fisons Instrument (Thermoquest) as already reported in Briand et al. (2000b) . An aliquot of ammonium acetate buffer (50 µl) was treated with the same extraction procedure and used as a control.
Odorants
The molecules used, hydroxy-butanone [(±)-3-hydroxybutan-2-one], ethyl-butyrate [ethyl-n-butanoate], γ-decalactone [(±)-γ-n-hexyl-γ-butyrolactone], eugenol [4-allyl-2-methoxyphenol] and linalool [(±)-3,7-dimethyl-1,6-octadien-3-ol], were generous gifts of SKW Biosystems (Grasse, France). IBMP [2-iso-butyl-3-methoxypyrazine], an odorant used as a standard in OBP studies, was purchased from Acros Organics.
Fluorescence-based ligand binding
The fluorescent probe 1-aminoanthracene (1-AMA) was from Fluka. The competitive binding assays, aimed to displace the probe with ligands, were performed with 2 µM of OBP-1F in 50 mM potassium phosphate buffer, pH 7.5, with 2 µM 1-AMA concentration. OBP-1F concentration was determined using UV spectroscopy employing a extinction coefficient of 14 173/M/cm at 276.3 nm, measured according to Pace et al. (1995) . The fluorescent probe and odorants were dissolved in 10% v/v MeOH as 1 mM stock solution. Successive 1 µl odorant solution aliquots were added to 1 ml of OBP-1F solution. Spectra were recorded at 25°C using a SFM 25 Kontron fluorometer with a 5 nm bandwidth for both excitation and emission. No cut off filter was used in the excitation beam. The excitation wavelength used for 1-AMA was 290 nm. Once the binding equilibrium has been reached, in ∼1 min as verified by time course experiments (not shown), the relative proportion of probe bound to OBP-1F was calculated by measuring fluorescence emission ( (Briand et al., 2000b; Ramoni et al., 2001) . A reverse experiment was carried out in which linalool, used as a first ligand, was displaced by 1-AMA, used as a competitor. The similar method as described above was used to calculate the apparent K d of linalool.
Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) experiments were carried out at 30°C with an MCS System (MicroCal) microcalorimeter as previously described (Briand et al., 2001) . OBP-1F concentration (20-30 µM in 50 mM phosphate buffer, pH 7.0 in the cell, 1.34 ml) was determined as above. Protein samples were sterile filtered before degassing. Ligand solutions were injected in 40 successive 5 µl aliquots at 4 min interval. MeOH content in the ligand solution never exceeded 0.5%. Raw data were processed with Microcal Origin software and the variation of enthalpy was fitted by using different models of several binding sites per dimer. Binding data, i.e. the number of binding sites (n), the binding constant (K a ) and the binding enthalpy (∆H b ), were determined as parameters of the calculated curves best ajusted to the experimental binding isotherms by the nonlinear leastsquares minimization method (Fisher and Singh, 1995) .
Circular dichroism
Circular dichroism (CD) spectra were recorded using a Jasco J-810 spectropolarimeter and analysed as previously described (Briand et al., 2000b) . OBP-1F concentration (∼0.5-1 mg/ml in phosphate buffer) was determined using UV spectroscopy as described above. Protein solutions were placed in a 1 cm path-length cell. Baseline was recorded with the same buffer with or without ligand and was subtracted from the protein spectrum.
UV difference spectroscopy
Spectrophotometric titration of tyrosines were performed as reported by Nespoulous and Pernollet (1994) . Difference spectra were directly measured on a double beam PerkinElmer Lambda 6 spectrophotometer. Protein solutions (∼3.5 mg/ml in 50 mM phosphate buffer, pH 7.0, determined using UV spectroscopy as described above) were placed in quartz cells (path-length 10 mm). Difference spectra were performed between the reference OBP solution at neutral pH and the sample solution in which microliters of NaOH dilutions in water were directly added to the cell to increase pH. The same volumes of water were added to the reference cell to make the same dilution. The pH in the magnetic stirred cell was controlled using a glass electrode. The number of ionized tyrosyl residues was calculated using the difference absorption measured at 295 nm and the molar absorption change of 2330/M/cm for one tyrosyl residue. All spectra were recorded at room temperature.
Molecular modelling
Sequence analysis and pairwise alignments were performed using the BLAST2 and ClustalW algorithms on the PBIL (http://pbil.univ-lyon1.fr) web site. Sequence alignment was optimized on the basis of secondary structure conservation of the selected lipocaline structure: equine Equ c 1 [PDB code 1EW3 (Lascombe et al., 2000) ] and bovine Bos d 2 [PDB code 1BJ7 (Rouvinen et al., 1999) ] allergens, mouse major urinary protein [PDB code 1MUP (Bocskei et al., 1992) ], porcine OBP [PDB code 1A3Y (Spinelli et al., 1998) ] and hamster aphrodisin [PDB code 1E5P (Vincent et al., 2001) ]. Three-dimensional models were builded with MODELLER (Accelrys) software (Sali and Blundell, 1993) using all the selected crystallographic structures. Energy of structures and geometrical parameters were minimized using Charmm (Brooks et al., 1988) and models were assessed using PROCHECK (Laskowski et al., 1993) .
Results
Odorant-binding properties
In order to improve the removal of potentially bound hydrophobic ligands, we purified OBP-1F using one-step RPLC in place of the previous reported protocol (Briand et al., 2000b) . The activity of samples from both purification protocols was measured using the methods described below and revealed no significant difference.
A fluorescence assay was employed for binding experiments using 1-AMA as a probe in addition to ITC, a direct physical method, for assessing ligand-protein interactions. When excited at 290 nm, 1-AMA presented a weak fluorescence emission with a maximum at 515 nm in aqueous medium. In the presence of OBP-1F, the emission maximum underwent a hypsochrome shift towards 485 nm, with a 15-fold quantum yield increase. Titration of OBP-1F with 1-AMA was saturable (K d AMA = 0.6 ± 0.3 µM) as already observed (Briand et al., 2000b) , showing that OBP-1F activity was conserved after RPLC purification. Six odorants (Fig. 1A) , IBMP, eugenol, linalool, γ-decalactone, ethylbutyrate and hydroxy-butanone, were used with different ability to displace the fluorescent probe. Figure 1B illustrates the competition curves obtained with these odorants at pH 7.5. We verified that the reaction equilibrium was reached before data collection and used MeOH in order to dissolve ligands and probes, because this solvent is known not to compete with 1-AMA (Briand et al., 2000b) . The added quantity of MeOH, which did not exceed 0.1% v/v (final concentration) did not obviously decrease the polarity of the medium, as observed in control experiments run with the probe only, in the absence of protein (not shown). The fluorescence intensity of OBP-1F-probe complexes was severely reduced with eugenol, IBMP, γ-decalactone and linalool, while the effects of ethyl-butyrate and hydroxybutanone could be considered as weak. The calculated apparent dissociation constants (K d ), deduced from the halfmaximal values (IC 50 ), were less than the micromolar range for the four most active odorants and two orders of magnitude higher for the less active ones (Table 1) .
Binding experiments with the same odorants were further conducted using ITC. Titration calorimetric curves obtained with eugenol at pH 7.0 (Fig. 2) clearly showed that eugenol binding was saturable with about one apparent site per dimer, as indicated by the abscissa of the inflection point as already reported for porcine OBP using the same method (Burova et al., 1999) . With the exception of hydroxybutanone, which proved unable to bind OBP-1F by this approach, all other tested molecules exhibited a binding isotherm at neutral pH. Binding constants and thermoby guest on November 7, 2016 http://chemse.oxfordjournals.org/ Downloaded from dynamic parameters for the five bound odorants are presented in Table 1 . The binding stoichiometry for the odorant-OBP-1F interaction did not reach one site per dimer, except for IBMP. It can be explained by the presence of partially inactive proteins as already reported (Löbel et al., 2001) . The occupation of binding sites by lipophilic ligands tightly bound onto OBP, not removed during the purification process, has been already observed Burova et al., 2000; Ramoni et al., 2001; Oldham et al., 2001) . Volatile compounds potentally bound to OBP-1F were extracted with CHCl 3 and analyzed by GC, which did not reveal any component associated with the protein (data not shown). However, the presence of more polar compounds not extracted by CHCl 3 or not sufficiently volatile to be analyzed by GC, cannot totally be excluded.
In Table 1 , the association constants obtained with ITC are compared to those obtained by competition fluorescence assay. Fluorescence measurements revealed greater apparent affinity for all ligands tested than ITC. The discrepancy in the magnitude of values between both measurements was likely due to the complexity of the indirect measurement of the fluorescence assay, in contrast with the results obtained with rat OBP-3 for binding of two odorants (Löbel et al., 2001 ). There are thus three possible reasons for the discrepancy: (i) the occurrence of multiple competing equilibria; (ii) the presence of allosteric effects across the dimer; or (iii) different binding kinetics associated with protein conformational changes during 1-AMA displacement. When a reverse experiment was carried out using 1-AMA as a ligand to displace linalool from OBP-1F, we obtained an apparent K d value with the same calculation method, which was 10 times higher than that measured when linalool displaced 1-AMA. Such a discrepancy might reveal either a complex mechanism in which all ligands are not similarly bound, implying that displacement cannot be equivalent to competition, or the weakness of the calculation of K d from IC 50 . Fluorescence competitive assays using IC 50 therefore provides only apparent constants, only useful to classify ligands tested in the same experimental conditions.
When comparing data originating from ITC obtained at pH 7.0, eugenol, IBMP and linalool exhibited very close affinity for OBP-1F in the micromolar range, whereas γ-decalactone and ethyl-butyrate showed affinity, respec- tively two and four times lower than that of eugenol. Binding of hydroxy-butanone was very weak and measurable only by fluorescence assay. The Gibbs free energy of each interaction was similar, but differences in the variations of enthalpy and entropy indicate that binding of these structurally different odorants involved specific constraints and interactions at the molecular level in the binding site.
Conformational changes upon ligand binding
Binding assays reported above allowed us to select two odorants for their representative affinity toward OBP-1F, hydroxy-butanone and linalool, with low and high affinity, respectively, in order to perform structural studies. Ligandbinding induced conformational changes generally modify the protein spectral properties, which can be followed by UV spectroscopy. Because of the large protein amounts needed for such experiments, spectroscopy measurements were carried out only with the two selected ligands. The pH spectrophotometric titration allowed the measurement of tyrosine pK, whose variation clearly showed a local structural change. The OBP-1F titration curve was shifted to alkaline pH in the presence of odorant (Fig. 3) . All titration curves presented the same two-steps shape and only five tyrosines among six were titrated at pH 13. In the presence of hydroxy-butanone and methanol, the shift was only very limited. In the presence of linalool, the basic shift was ∼0.5 pH unit for the second inflexion point from 11.5 to 12. Analysis of the titration data according to Tachibana and Murachi (1966) showed that two tyrosyl residues were titrated with an apparent pK of 9.6 ± 0.03, close to that of the model compound N-acetyl-L-tyrosine ethyl ester (not shown), which corresponds to the first step of the titration curve until pH 11. Two other tyrosines were titrated with a pK of 11.2 ± 0.06 corresponding to the second step of the curve. An intermediate tyrosyl residue was titrated between the above mentioned clusters, around pH 10.2 ± 0.03. In the presence of odorants, only the cluster of tyrosyl residues with a pK of 11.2 underwent a pK shift. In the case of linalool, it was shifted toward 11.7 ± 0.02.
The numbers of tyrosines involved in the binding and the induced modification were high enough to observe, through CD, a change in their environment. In the aromatic region, the CD spectrum was composed of two close negative peaks banding at 275 and 282 nm, attributed to tyrosine and both tyrosine and tryptophan side-chains, respectively, and a weak shoulder at 290 nm, attributed to a tryptophan sidechain. This indicates a highly asymmetric environment for the aromatic residues in the folded structure of OBP-1F (Fig. 4) . In the presence of linalool, significant difference was observed for the 275 and 282 nm bands, whereas the shoulder at 290 nm seemed to be less slightly affected, likely due to the general modification of the spectrum shape. This suggests a local conformational transition upon binding, leading to a flexible side-chain packing. No difference was observed in presence of hydroxy-butanone or methanol (not shown). The contribution to CD of linalool as a chiral compound proved to be negligible due to the absence of chemical group able to absorb light in the same UV region.
Molecular modelling
Among the members of the lipocalin superfamily whose 3D structure is known, five proteins (equine and bovine allergens, mouse major urinary protein, porcine OBP-I and hamster aphrodisin) were selected for their sequence identity with OBP-1F of >30%. A defined conserved core of secondary structure around the β-barrel allowed us to optimize the sequence alignment. At this initial stage of the homology molecular modelling, all these constructions have the same general shape because of the similarity between the initial templates (belonging to the retinol-binding, proteinlike structural family). No further energy refinements would be able to segregate these models. Furthermore, the tyrosine positions and orientations are almost comparable in all our models. The model derived from aphrodisin using 1E5P.pdb coordinates (Vincent et al., 2001 ) was finally selected for its higher sequence homology and the presence of four conserved cysteines. When superimposed with its template, the backbone trace of the OBP-1F model displayed a 1.04 Å root mean square deviation on 138 Cα atoms. The Ramachandran plot indicated that all residues present ϕ and ψ angles in the core and allowed regions and most bond lengths and angles were in the range of expected values. Among the six OBP-1F tyrosines, three (Y38, Y78 and Y82) are highly conserved or replaced by a phenylalanine in the other lipocalins and one (Y20), which is less conserved (Fig. 5A ). Except Y139, present at the C-terminal of the α-helix, all tyrosines are located in or close to a β-strand, around the β-barrel. No tyrosyl side-chains are oriented within the binding pocket shaped within the β-barrel structure except Y82, which is present at its opening. Two tyrosines (Y82 and Y87) display their hydroxyl group free to the solvent, whereas the other four are involved in one (Y20, Y78 and Y139) or two (Y38) H-bonds with neighbouring residues as shown in to Table 2 (Fig. 5B,C) . The single tryptophan (W16) is located at the opposite side of the opening and outside of the binding site.
Discussion
Odorants of diverse structures and odors were comparatively tested using two different methods, a competition fluorescent assay, which is a complex mechanism involving a tripartite interaction, and, on the other hand, ITC, a direct physical measurement. Except for linalool and ethylbutyrate, fluorescence measurements showed apparent affinities slightly different than ITC, depending on odorants, but revealed roughly the same order of affinity for OBP-1F.
Hydroxy-butanone, the smallest tested molecule (88.1 Da), was the only tested odorant observed by ITC not to bind OBP-1F, although able to very lightly displace 1-AMA fluorescence. It is likely that interactions between the atoms or atomic groups of the ligand and those of the amino acid side-chains of the binding pocket were not numerous enough to establish a stable binding and a strong affinity. It is more a matter of quantity than quality as already suggested for ligand binding on porcine OBP . Except for ethyl-butyrate, which binds OBP-1F slightly less strongly, ITC showed that the four tested ligands exhibited variable affinity in the micromolar range, as already published for other mammalian OBPs (Pelosi, 1994; Tegoni et al., 2000) . Odorant affinities can roughly be correlated to their molar masses, with the exception of γ-decalactone, whose affinity is smaller than those of other odorants of similar size (between 150 and 170 Da), likely due to the molecule shape, which is constituted of a heterocycle and a long alkyl tail. These results agree with a previous report, which described that the length and the size appeared to be a major selective criterion for recognition among the structural features of odorants involved in OBP binding (Pevsner et al., 1990) .
Binding free energies (Table 1) were found to be close to each others for all tested ligands and in the same range as those reported for other OBPs (Burova et al., 1999; Löbel et al., 2001) . However, the balance between enthalpy and entropy variations differed from one odorant to another. In all cases, binding was favoured by enthalpy, but with some deviation, since ∆H was observed to be twice as high with eugenol than IBMP, for instance. Unlike enthalpy, the net entropy exchange varied by two orders of magnitude from ethyl-butyrate to γ-decalactone and even became positive with IBMP. Entropy driven IBMP binding partially balanced a weak net exchange in enthalpy. The variability of binding thermodynamic parameters, corresponding to structurally different ligands, suggests that particular constraints and different interactions occur within the binding site, as already mentioned for porcine OBP-1 .
Using UV spectroscopic methods, we show that OBP-1F undergoes a conformational change upon odorant binding. The observed measurement variations were shown to depend on ligand affinity and originated likely from the perturbation of the same residues. The spectral properties of aromatic residues depend on their immediate environment. It can vary due to the proximity of an external compound, with or without the side-chain moving, as reported in other lipocalins to occur between the conserved Y82 and some ligands Spinelli et al., 2002) . A sidechain shift can also be induced by a distance conformational change of the protein backbone. However, the question of which residues are involved in this process remains. The CD spectrum change could be addressed to all the aromatic residues including the single tryptophan W16 of OBP-1F. But its fluorescence spectral properties, although more sensitive, did not significantly change upon ligand binding (data not shown). Thus, the CD spectrum alteration could concern only tyrosyl residues. Tyrosine titration showed that two residues were affected by ligand binding. Y82, which is close to the opening of the cavity and the neighbour Y87, can be likely ruled out from this process. Instead, their OH groups are free and then have a normal pK, revealing no interaction, which remained unchanged upon odorant binding. The four other tyrosines are more or less buried and involved in H-bonds. One of them could not be titrated even after alkali denaturation, suggesting location in a stable site and/or strong interactions with neighbouring residues. According to the modelled 3D structure, these features could be attributed to Y38, because of its location in a deep crevice and the presence of two H-bonds. In contrast, Y139 appeared more exposed at the surface of the protein and then was likely the residue that has a variable pK between 10 and 11. Then the residues whose pK shifted upon ligand binding could be Y20 and Y78. Both these residues are located in two different regions of the protein Y20 on a closed space between the α-helix and the β-barrel, whereas Y78 is covered in a depression by the large loop shaping an opened cavity at the bottom of the protein. The distance between the binding site and the potentially affected residues, which are far from each other, suggests that the alteration of their spectral properties, observed upon ligand binding, originated in a side-chain shift independent of ligand proximity, as could happen for W16. These shifts are then likely to be induced by a local conformational change, which is not limited to the local environment of the reported residues, but a more wide rearrangement of the OBP-1F backbone.
The model of a single binding site per dimer provides the best curve fitting results for binding isotherms measured with any tested ligand and is supported by fluorescence and difference spectroscopy assays. The dimeric state of OBP-1F was confirmed using diffusion light scattering (data not shown). Such a stoichiometry was already reported for several OBP and other lipocalins, whatever the binding test used (Pevsner et al., 1986; Bignetti et al., 1988; Löbel et al., 1998; Burova et al., 1999; Ragona et al., 2000) . The OBP binding site would be localized in the hydrophobic cavity shaped by the β-barrel structure, called the calyx Ramoni et al., 2001) , as reported for other lipocalins (Flower et al., 2000) , even in dimeric β-lactoglobulin in which only one of the two calyces is occupied (Ragona et al., 2000) . In dimeric bovine OBP, a third binding site was suggested to be localized at the interface of both monomers (Monaco and Zanotti, 1992) created by swapping of domains (Bianchet et al., 1996; Tegoni et al., 1996) . Similar domain swapping cannot occur in rat OBP-1F dimer, because a disulfide bridge between the β-sheet D and the Cterminal domain blocks the α-helix close to the protein core (Briand et al., 2000b) . Such a disulfide bridge has been shown to hamper domain swapping (Ramoni et al., 2002) . An attempt to follow OBP-1F monomer dissociation through acidification was carried out using diffusion light scattering without success because of the direct transition between the dimer and a reversible aggregation state at pH 3.0 (data not shown). Specifically mutated monomers, unable to associate, would permit elucidation of the question of whether the dimeric state affects ligand binding.
The presented data are consistent with one binding site located in one of the two β-barrels of the OBP-1F dimer. The question arises concerning the determination why only one on the two potential sites was accessible for binding. Among the possible hypotheses, a subtle conformational change correlated with binding of an odorant molecule, which hampers uptake of a second odorant by the other hydrophobic pocket, has been suggested for bovine OBP (Pevsner et al., 1990) . Nevertheless, up to now, conformational studies on OBPs have not revealed any detectable change, either in secondary or local structure upon odorant binding (Monaco and Zanotti, 1992) , except one concerning the side-chain of the non-conserved Y52 in the monomeric porcine OBP . The conformational change observed here could be involved in such a mechanism for the dimeric rat OBP-1F, through a subunit crosstalking in spite of the probable absence of domain swapping. This question needs to be answered by resolution of the 3D structure of OBP-1F in solution and a survey of the spectral shifts induced by ligand binding. Such approaches could be associated with molecular dynamics of the odorant docking on the protein in order clearly to understand the molecular basis of ligand binding onto OBP-1F.
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